The computing industry, which is based on integrated electronic circuits, has been advancing at such a rapid pace that it has now become feasible to perform a vast volume of information processing in a short time at a low cost. 1 The continually increasing volume of information to be processed demands that processing, even in a smaller-sized circuitry, be completed at a faster clock rate. In the past, the density of transistors in integrated circuits has increased exponentially, 2 doubling every two years (Moore's Law). Recently, however, the growth rate of this development has decelerated due to physical and fundamental obstacles, 3 e.g., the appearance of false bits due to thermal fluctuation, 4 known as Johnson-Nyquist noise. 5, 6 Hence, for faster processing, it is currently even more critical to increase the clock rate. Contemporary electrical interconnections, however, possess intrinsic limitations because the interconnecting wires need to be charged. The charging of wires inevitably requires time and induces heat generation. Moreover, the more densely integrated electronic chips become and the higher their clock rate, the more severe the heat generation problem. Considering the limitations established by energy cost, it is clear that neither improvement of integration density nor clock rate constitutes an ultimate solution. 7 While progress in electric interconnections is hindered by the aforementioned factors, the feasibility of optical means has arisen as a viable alternative. 8, 9 Light is a prospective way for carrying information, free from both heat dissipation and charging time. While there have been efforts to develop optical functional components, 10, 11 e.g., modulators, 12 waveguides, 13 receivers, 14, 15 transistors, 16 and memory, 17 attention has also been paid to combining optics with electronics. [18] [19] [20] For example, the electrical current induced by a light field has been reported in fused silica by Schiffrin et al. 21 and also in sapphire and calcium fluoride by Kwon et al., 22 suggesting the viability of optical control of a current in an optical medium. These observations can be explained by the creation of Wannier-Stark states from valence and conduction band when the medium is subjected to light field. Under the influence of sufficiently strong optical field, the promotion for valence band electrons to conduction band becomes considerably probable, giving rise to transient conductivity, namely, semimetalization. Here, by studying the light-induced current in calcium fluoride, we address the following question: how fast can the current be switched from one direction to the opposite in CaF 2 ? We selected calcium fluoride as our specimen in order to claim that this method is not restricted to a certain material but extensively applicable to various species of medium. It possesses a large band gap (12 eV) 23 in comparison with the photon energy ($1.5 eV) so that it should not undergo single photon processes but highly nonlinear processes. Besides, CaF 2 has distinct properties from SiO 2 , especially in crystallographic viewpoint. For instance, while SiO 2 exhibits noncentrosymmetry, piezoelectric effect, and birefringence, CaF 2 does not show any of them. Figure 1 shows the experimental layout. Carrier-envelope-phase (CEP)-stabilized few-cycle pulses of $4 fs FWHM (full width at half maximum) are used. They are separated into two arms to form an interferometer. Each arm of the interferometer is equipped with a motorized wedge pair, enabling the independent control of CEP. The periscopes are placed in such a way that the polarization of one arm is perpendicular to that of the other arm. Optical pulses from two arms are focused and spatially overlapped onto a calcium fluoride substrate, on which two metal electrodes are facing each other with a spacing of 10 lm. A pulse in one arm is temporally delayed with respect to that in the other arm with an adjustable optical path length. The current between the two electrodes is converted into voltage and amplified by a gain of 10 8 V/A in a current amplifier. We introduce a modulation to CEP at half a repetition rate, and use a lock-in amplifier referenced at the CEP modulation frequency. Consequently, CEP-independent components are extinct, and only CEP-dependent contribution is extracted by the lock-in amplifier. Utilizing this setup, we performed two kinds of experiments: single pulse and two pulse.
First, using a single pulse from either of the arms in the apparatus (Figure 2(a) ), the transferred charge per pulse Q with respect to the insertion of a wedge is measured at a given field strength of 2.6 V/Å for parallel and perpendicular polarization. The translation of the wedge alters the thickness of medium which laser pulses travel. Since the propagation of a) kimd@postech.ac.kr laser pulses in refractive media shifts CEP proportional to propagation length, 24 the displacement of the wedge is equivalent to the change of CEP D/ (horizontal axis of Figure 2 (b)). Around and above a field strength of $2.7 V/Å , CaF 2 may undergo dielectric breakdown. If the medium experiences breakdown, the magnitude of transferred charge diminishes permanently. Whenever such an aspect is noticed, the data are discarded so that all the data presented in this work are ensured to be free from laser-induced damage. First, a large difference in amplitude is observed. When the channel between electrodes is laid parallel to the polarization (blue), the transferred charge is decreased by a factor of 15 compared with the case when the channel is placed perpendicular to the polarization (red). Two orthogonally polarized pulses play distinctive roles: (1) the pulses polarized parallel to the groove between electrodes on the substrate populates charge carriers in the substrate, but the charge carriers are not yet collected by the electrodes since they are driven by the optical field parallel to the electrodes. The geometrical projected area of current on the electrodes is so small that few charges are captured by electrodes and detected as a current. Hereafter, this pulse is termed the "injection field" because it promotes electrons from a valence band to a conduction band, i.e., injecting charge carriers to the medium. (2) The pulses polarized perpendicular to the groove direct injected charge carriers toward the electrodes. The significant portion is collected, and the imbalance of charges collected by the two electrodes is detected as an electric current. This pulse is referred to as the "driving field" hereafter since it influences the flow of charge carriers. The reason for a still small, but nonzero, current in the case of the parallel polarization may be that real situations deviated from the ideal case: (1) a small, but nonzero, polarization component which directs charges toward the electrodes; (2) it is still possible that there exists a slight misalignment of polarization with respect to the groove, both of which still drive the current to the electrodes; and (3) microscopic geometrical imperfection of electrodes. Another important aspect noticed is an oscillatory feature. In Figure 2 (b), the current exhibits an oscillation whose period corresponds to that of the modulation of CEP introduced by a wedge displacement. Considering the symmetry of the driving optical field, the asymmetry of the current collected by the electrodes is maximized at A and A 0 , when the optical waveform is cosine-like, FIG. 1. Schematic drawing of the experimental layout. CEP-stabilized fewcycle laser pulses are split into two arms, composing an interferometer. The CEP of the laser pulse train is controlled, such that the waveform of a laser pulse is the opposite sign of that of the adjacent pulse. In other words, the CEP is modulated at half of the repetition rate. The polarization of one arm is rotated by 90 using a periscope. Two orthogonally-polarized pulses with an alterable time delay are focused onto a sample by an off-axis parabola. Owing to motorized wedges, the CEP of each arm is controlled independently. The current collected by two electrodes facing each other is amplified and converted into a voltage signal in the current-to-voltage converter. Then, the voltage output of the current amplifier is fed to a lock-in amplifier referenced at a rate of CEP modulation. Due to the lock-in amplifier, only the CEP-dependent current is picked up. Inset on the lower left corner depicts the microscope image of real specimen electrodes patterned on CaF2 substrate via photo lithography method. Blue rectangle on the microscope image corresponds to the sample in the main figure, denoted by symbol "S." Symbols in the figure represent the following. CM: chirped mirror; I: iris diaphragm; BS: beamsplitter; MW: motorized wedge pair; P: periscope; M: mirror; RR: retro reflector with adjustable time delay; OAP: off-axis parabolic mirror; S: sample; and IVC: current-to-voltage converter, or current amplifier.
FIG. 2. (a)
Schematic illustration of the experimental setup used with a single arm of the interferometer. The polarization of an incident pulse can be either parallel or perpendicular to the electrode junction. The CEP is varied by a pair of wedges. (b) Transferred charge per pulse Q as a function of D/ at a field strength of 2.6 V/Å for parallel (blue) and perpendicular (red) polarization to the channel. Insets in corners describe the direction of the current induced by each cycle of the optical field and the sign of the net current (blue and red arrows) within the entire duration of the pulse at a given CEP (marked by A, A 0 , and B). Horizontal lines in insets denote the critical field, above which charge carrier population becomes significant. As shown in the two insets on the right-hand side, when the waveform is an even function, i.e., symmetric with respect to the vertical axis, the charge transfer toward one direction is dominant (as indicated by the length and thickness of arrows). On the other hand, the inset in the lower-left corner shows that, in the case of odd symmetry waveform, the current toward each electrode over the pulse duration is equal. Consequently, currents flowing in opposite directions are cancelled out, resulting in a negligible net current.
as illustrated in the insets in the upper-right (we set this phase to be / ¼ p rad) and the lower-right (/ ¼ 0 rad) corners in Figure 2(b) , respectively. On the contrary, when the waveform is sine-like (/ is a half of an odd integer multiplied by p radian, the inset in the lower-left corner of Figure 2(b) ), an equal amount of charges are collected by the two electrodes facing each other, resulting in zero net current (B). The dependence on polarization and periodicity in accordance with optical field oscillation implies that the current is induced by the instantaneous field of optical pulse. It is also found that Q decreases as jD/j increases. This is because of the temporal broadening of optical pulses due to an additional dispersion by wedges, which effectively decreases the field strength. Since Q increases near-exponentially against field strength, as discussed in Ref. 22 , the insertion of wedges for CEP control leads to the reduction of Q.
Second, we performed a series of measurements using two pulses from both arms of the interferometer (Figure 3(a) ), in which one pulse (parallel polarization to the electrode joint) plays the role of injection field, and the other (perpendicular polarization) driving field independently. The injection field is expected to create charge carriers without inducing any current. In contrast, the driving field is so weak that it does not populate charge carriers by itself, but rather directs the charge carriers to the electrodes. The injection field is set to have a peak field strength of 2.3 V/Å , and the driving field has a peak field strength of 0.3 V/Å . The phase / i of the injection field is set to / i ¼ þ p 2 rad, so that there is no residual current (B in Figure 2(b) ). The phase / d of the driving field is set to either
. Q is measured as a function of time delay Dt between the injection and the driving fields at given field strengths and phases. The noise level of the raw data ($0.1 fC) is rather high in comparison with nontrivial signal level ($0.2 fC). For the sake of clearer discernibility, the curves are processed using the fast Fourier transform (FFT) method, applying a high pass filter of cutoff frequency at 0.35 PHz (Figure 3(b) ).
As it is reported in Ref. 22 , a charge increases nearexponentially with respect to an instantaneous field strength. Especially, the increase of charge becomes prominent at the critical field. 25 Consequently, for a field higher than the critical field, the probability of the promotion for valence band electrons to conduction band increases drastically, implying substantial charge carrier injection. In the two-pulse scheme, therefore, the injection of charge carriers mostly occurs at the moment the peak field strength of the injection field reaches or exceeds the critical field strength, which is temporally concentrated within a fraction of its optical cycle and thus implicitly limited to a time span much shorter than the driving field period. Since injected charges are directed by the instantaneous driving field, the temporal modulation of the driving field is translated to charge transfer as a function of time delay, exhibiting agreement in the period of $2.5 fs. The sign of the current is inverted as the CEP of the driving field is shifted by p radian. All of the above observations strongly support that the oscillation of Q as a function of Dt is construed as the transcript of the oscillation of the driving field.
We assert that the current is created and driven in the dielectric medium by the instantaneous field of laser pulses. Although noise level is subdued by means of the aforementioned FFT filtering process, the region of meaningful periodicity and sign inversion is still limited to 61 optical cycle in the vicinity of Dt ¼ 0. For delays greater than 2.5 fs, these aspects disappear. This is due to the fact that at such a delay of greater than 2.5 fs, the effective temporal overlap of the injection and the driving field becomes weak. The magnitude of the first cycle of driving field after Dt ¼ 0 diminishes drastically as the driving field is delayed with respect to the injection field by more than 2.5 fs. This is also the case when the driving field precedes the injection field by more than 2.5 fs. As the instantaneous driving field strength gets weaker, it is less likely to observe phase-dependent feature.
Note that, near Dt ¼ 0 in Figure 3 (b), the current emerges from zero to a peak value within a quarter of an optical period, or 0.7 fs. This observation demonstrates that the current can be switched in a sub-femtosecond time-scale and controlled at an optical frequency. Hence, the insulator-to-semimetal transition occurs in a sub-femtosecond time-scale. We can estimate the transient conductivity of calcium fluoride by considering the amount of the current at temporal overlap, the driving field strength at the moment, and the effective cross section. The effective cross section is described in Ref. 22 . The transferred charge per pulse, Q, can be written as Q ¼ A eff Ð 1 À1 jðtÞdt, where A eff is the effective cross section and jðtÞ the current density. 21 The maximum QðDt ¼ 0Þ is about 0.2 fC at E ðdÞ 0 % 0:3 V=Å, A eff % 2:53 Â 10 À11 m 2 , and the duration of the current density pulse is on the order of 1 fs. The peak current density is, thus, about J % 7:9 Â 10 9 A=m 2 . The electrical conductivity is estimated to be r ¼ J=E ðdÞ 0 % 2:7ðX Á mÞ À1 .
Though the static conductivity of calcium fluoride has not yet been reported, considering the conductivity of typical insulators, one can estimate that it may be on the order of $10 À16 ðX Á mÞ À1 . Our observation indicates that the conductivity of calcium fluoride is markedly increased, i.e., by 16 orders of magnitude within a one-femtosecond time-scale by an optical field.
In summary, we demonstrate that a sizable current can be switched in calcium fluoride within 1 fs. The conductivity of calcium fluoride is enhanced by a factor of 10 16 under the influence of an intense optical transient. We believe that this work may serve as the basis for the development of devices for ultrafast current control at a time-scale of a femtosecond or PHz rate.
